Salmonella enterica serovar Typhimurium synthesizes cobalamin (vitamin B 12 ) only during anaerobiosis.
INTRODUCTION
Cobalamin (vitamin B 12 ) is a large, evolutionarily conserved cofactor and is one of the most structurally complex biomolecules described (12, 39, 40) . Vitamin B 12 is derived from uroporphyrinogen III (Uro III), which is a common precursor in the synthesis of heme, siroheme, cobnamides, and chlorophylls, the latter playing a functional role functioning in photosynthetic organisms.
Salmonella enterica serovar Typhimurium synthesizes cobalamin de novo during anaerobiosis (20) , and researchers have speculated that this is carried out by all Salmonella cobalamin (36) . Only four vitamin B 12 -dependent reactions are known to exist in Salmonella Typhimurium. First, B 12 is required by one methyltransferase, the product of the gene metH, which catalyzes the methylation of homocysteine to form methionine (31) . Second, B 12 is required for the cleavage of ethanolamine into acetaldehyde and ammonia, providing both a carbon and a nitrogen source (34, 35) . Third, B 12 is involved in the formation of the nonessential hyper-modified Q base found in the anti-codon of tRNA Asp,Asn,His,Tyr (15) . Finally, the main use of B 12 appears to be as a cofactor for propanediol dehydratase, the first enzyme in the propanediol degradation.
This finding is based on evidence showing that the cob operon, which encodes the B 12 biosynthetic genes, is induced in response to propanediol and is co-regulated with the pdu operon, which encodes genes that are required for propanediol degradation. This regulatory pattern suggests that propanediol might be a useful carbon and energy source under anaerobic conditions (18, 6) . Interestingly, these B 12 -dependent reactions are not necessary for the laboratory cultivation of Salmonella in either aerobic or anaerobic conditions. This large genetic investment in the production and utilization of vitamin B 12 suggests that B 12 -dependent metabolism might be important We recently demonstrated that the double mutant S.
Gallinarum cobS cbiA is avirulent in chickens and that the mortality of chickens infected by S. Typhimurium cobS cbiA is reduced to half that induced by the wild type strain (30, 41) .
In the present work, S. Enteritidis and S. Pullorum cobS cbiA mutants were generated. Their virulence was compared to the virulence of their respective wild type strains, and assays to detect cobalamin production in the wild type and mutant strains were performed. The S. Typhimurium cobS cbiA and S. Gallinarum cobS cbiA strains were included in the latter assays.
MATERIALS AND METHODS

Bacterial strains and culture media
The designation and source of each bacterial strain used in this study are provided in 
Mutant construction
Double cobS cbiA mutants for S. Enteritidis and S.
Pullorum were constructed from single S. Gallinarum cobSSpec r and S. Gallinarum cbiAKan r mutants (30) . Gene transference was carried out using the bacteriophage P22
followed by transduction according to standard protocols (37).
Birds
Virulence was assessed by oral inoculation of one-day-old
Hy-line® commercial layers with 0.1 mL of culture containing 
Pullorum. Similar counts of S. Pullorum cobS cbiA and S.
Pullorum Nal r were observed in the liver, spleen, and cecal contents (p>0.05).
Figure 1. Recovery of Salmonella Enteritidis from cloacal samples from experimentally infected one-day-old white commercial layers
and brown commercial layers; * and ** statistically significant ( 2 p < 0.05). These strains produced uncolored colonies on MacConkey agar due to their inability to degrade propanediol without cobalamin, and their B 12 levels were below the inferior limit of detection in the Immulite assay. S. Pullorum Nal r , S. Enteritidis Nal r and S.
Typhimurium Nal r were positive for cobalamin production in both the MacConkey agar and the Immulite assays (Table 2) . S.
Gallinarum cobS cbiA and S. Gallinarum Nal r did not synthesize cobalamin in either of the in vitro tests (Table 2) . The known cobalamin-dependent reactions in S.
Typhimurium do not clearly justify this organism's large genetic investment in cobalamin biosynthesis and transport.
The enzyme methionine synthetase is redundant, and the enzyme queosine synthetase is apparently nonessential.
Propanediol utilization appears to be the primary use for cobalamin in S. Typhimurium (18) . Propanediol is a useful and readily available carbon and energy source in the gastrointestinal tract of birds and mammals; because it is produced during the anaerobic catabolism of two common pentose sugars, rhamnose and fucose, and it is found in glycoconjugates present in the intestinal epithelium (29) . In the presence of oxygen, propanediol serves as the sole carbon and energy source, but cobalamin is synthesized de novo under anaerobic growth conditions (18) . Tetrationate is able to act as an alternative electrons acceptor, and its availability for S.
Typhimurium in the host was demonstrated, recently (46) .
Tetrationate is product of gut inflammation, trigger by
Salmonella, and the luminal sulphur compounds, the ability to Typhimurium, either as a requirement for survival in the tonsil or as a prelude to migration into the intestinal tract (17) .
Several comparative studies between S. Gallinarum and other Salmonella serotypes have demonstrated differences in the cellular mechanisms that might be responsible for the specificity and adaptability of S. Gallinarum to the avian host (43, 45, 22, 44, 8) . For example, glycogen has a complex role in survival and, therefore, in prolonging the infectivity of broad-host-range Salmonella outside of the host. It also plays a minor role in Salmonella virulence and colonization (28) . S. 
Gallinarum and
